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Abstract
Nicotinamide nucleotide transhydrogenase catalyzes the reversible reduction of NADPq by NADH and a concomitant
  . .proton translocation. It was demonstrated Glavas, N.A. and Bragg, P.D. 1995 Biochim. Biophys. Acta 1231, 297–303
that the Escherichia coli transhydrogenase also catalyzed a reduction of the NAD-analogue 3-acetylpyridine-NADq
 q.  .  .AcPyAD by NADH at low pH and in the absence of added NADP H and high salt concentrations The mechanism of
this reaction has as yet not been explained. In the present study, the E. coli transhydrogenase was purified by affinity
 .  .chromatography through the NADP H -site, rendering the pure enzyme free of NADP H . Using this preparation it was
 .confirmed that the enzyme readily catalyzes the above reaction. Inhibitors specific for the NADP H -site, e.g., palmitoyl-
Coenzyme A and adenosine-2X-monophosphate-5X-diphosphoribose, strongly inhibited the reduction of AcPyADq by
 . XNADH, whereas an inhibitor of the NAD H -site, adenosine 5 -diphosphoribose, was less inhibitory. This suggests that a
 . qlack of metal ions or other ions at low pH induces an unspecific interaction of the NADP H -site with AcPyAD or NADH,
q  .  .presumably NADH, producing a cyclic reduction of AcPyAD by NADH via NAD H bound in the NADP H site. A
stimulation of reduction of AcPyADq by NADPH by Mg2q present during reconstitution of transhydrogenase in
phospholipid vesicles was observed, but it is presently unclear whether this effect is related to that seen with the
detergent-dispersed enzyme.q 1997 Elsevier Science B.V. All rights reserved.
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Abbreviations: CCCP, carbonylcyanide m-chlorophenylhy-
drazone; AcPyADq, 3-acetylpyridine adeninedinucleotide; Thio-
NADPq, oxidized thionicotinamide adeninedinucleotide; 2X-
AMP-5X-DPR, adenosine 2X-monophospho-5X-diphosphoribose
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1. Introduction
Nicotinamide nucleotide transhydrogenase E.C.
.1.6.1.1 is a redox-driven proton pump catalyzing the
reaction
Hq qNADHqNADPq|NADqqNADPHqHqout in
where ‘out’ and ‘in’ denote the intermembrane space
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and matrix in mitochondria, respectively, and the
periplasmic space and cytosol in bacteria, respec-
tively. Transhydrogenases from several sources have
been purified and characterized extensively both in
the detergent-dispersed states and in reconstituted
phospholipid vesicles. Common for all transhydro-
genases investigated is that their active form is a
dimer of approximately 220 kDa composed of either
a single type of subunit in eucaryotes or up to three
different subunits in various bacteria. To this date
eight genes encoding transhydrogenases have been
cloned and their DNArcDNA sequenced. Especially
the predicted substrate-binding and membrane-span-
ning domains show a considerable sequence similar-
ity. In the case of the E. coli enzyme several residues
believed to be important for catalysis and proton
pumping have been identified by site-directed muta-
 w x.genesis for a review, see 1 .
Relatively high concentrations of metal ions above
.1 mM were shown to inhibit the bovine transhydro-
w xgenase 2–4 in a pH-sensitive manner, i.e., high pH
w xincreased the sensitivity 5 . However, the so called
energy-linked transhydrogenase reaction driven from
left to right by an electrochemical proton gradient
2q w xshowed a decreased sensitivity to Mg 2,5 . Subse-
quent studies with the bovine transhydrogenase
showed that the inhibition by Mg2q was competitive
q with respect to NADPH and thio-NADP an
q .NADP analogue , as well as protons; other metal
w xions were also inhibitory 6 . A similar sensitivity of
the Rhodospirillum rubrum enzyme to Mg2q was
w x 2qsubsequently demonstrated 7 . In addition, Mg
was also found to protect the Rhodospirillum enzyme
w xagainst thermal inactivation 8 . Like the Rhodospiril-
lum and bovine enzymes, the E. coli transhydro-
2q w xgenase proved to be inhibited by Mg 9 .
w x w xRecently, both the E. coli 10 and bovine 11
transhydrogenases were found to be stimulated by
 .low concentrations below 1 mM of various mono-
valent and divalent metal ions. In the case of the
bovine enzyme the ions were concluded to increase
 . w xthe affinity of the enzyme for NADP H 11 . These
studies were later extended to include the cyclic
reduction of AcPyADq by NADH in the presence of
 .NADP H at pH 6.0. It was suggested that salts
 .increased the rate of dissociation of NADP H from
the enzyme due to a change of the pKa value of a
protonable residue involved in proton translocation
w x12 . When bound to the enzyme at low pH and salt,
 .NADP H underwent cyclic redox changes by
 . w xNAD H interacting reversibly with the enzyme 12 ,
w x w x.see also 1 and 13 . Subsequently, it was shown
 .that, in the absence of divalent metal ions, NADP H
was not required at all for the reduction of AcPyADq
by NADH at low pH, but the activity was increased
 . w xby added NADP H 14 . In addition, mutant trans-
hydrogenases, which showed an abnormally high ac-
tivity for the reduction of AcPyADq by NADH
 .without added NADP H , was shown to contain bound
 . w xNADP H 14 .
The present study is focused on the effects of
metal ions on the reduction of AcPyADq by NADPH,
and the reduction of AcPyADq by NADH in the
 .absence and in the presence of NADP H , catalyzed
by purified detergent-dispersed or reconstituted E.
coli transhydrogenase. Reduction of AcPyADq by
 .NADH in the absence of NADP H is difficult to
reconcile with the previously assumed binding of
 .  .NAD H and NADP H to dinucleotide-specific bind-
ing sites with essentially no unspecific interactions.
The present results demonstrate that this reaction
indeed involves an unspecific interaction of NADH
 .with the NADP H site, possibly regulated by a
metal-binding site in the membrane domain.
2. Materials and methods
Transhydrogenase was purified to homogeneity
from E. coli cells overexpressing the pnt-genes es-
w xsentially as described 13 . The purified transhydro-
genase was kept frozen at y808C, and the maximal
specific activity for reduction of AcPyADq by
NADPH of the thawed enzyme was 3–10
mmolrminrmg protein. When indicated, the 2X-
AMPr3X-AMP used to elute the enzyme from the
palmitoyl Coenzyme A column was removed by pas-
sage through a fast desalting column Pharmacia,
.Uppsala, Sweden , a procedure which however di-
minished all activities catalyzed by the enzyme. Re-
duction of AcPyADq by NADH, reduction of
AcPyADq by NADH in the presence of NADPq,
and reduction of AcPyADq by NADPH at pH 6.0
was carried out in a medium composed of 50 mM
 .Mes-KOH pH 6.0 , 1 mM EDTA, 1 mM DTT and
0.01% Brij-35. Unless otherwise indicated, reduction
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of AcPyADq by NADPH at pH 7.0 was assayed in a
 .medium composed of 20 mM Hepes pH 7.0 or 7.4 ,
1 mM EDTA, 1 mM DTT and 0.01% Brij-35 or
0.04% lysolecitihin. Effects of metal ions were mea-
sured in the absence of EDTA. The variability of all
assays was less than 10%.
Co-reconstitution of purified E. coli transhydro-
genase with bacteriorhodopsin and the assay of the
light-driven reduction of thio-NADPq by NADH was
w xcarried out at pH 7.4 as described by Hu et al. 13 ,
except that the phospholipid mixture used for recon-
stitution contained 45% phosphatidylcholine, 45%
phosphatidylethanolamine, 5% phosphatidylserine
and 5% phosphatidic acid. Unless otherwise indi-
cated, the concentrations of the substrates in the
activity assays were 200 mM in all activity assays.
Activities were expressed as mmol substrate re-
ducedrminrmg protein.
Pure phospholipids were obtained from Lipid
Products Nutfield Nurseries, Crabhill Lane, S. Nut-
field, RH1 5PG, UK. Other biochemicals, e.g., nu-
cleotides, were of analytical grade and purchased
 .from Sigma Chemical St. Louis, MO or Boehringer
 . qMannheim Mannheim, Germany . AcPyAD ,
NADH, 2X-AMP or 3X-AMP did not contain enzymat-
 .ically or fluorimetrically detectable NADP H .
3. Results
Transhydrogenase purified from E. coli according
to the procedure used in this communication see
.Section 2 was bound to immobilized palmitoyl-
Coenzyme A and eluted with a mixture of 2X-AMP
Fig. 1. Effect of Brij-35 on the reduction of AcPyADq by
NADH catalyzed by purified transhydrogenase from E. coli. The
assay was carried out at pH 6.0 as described in Section 2.
and 3X-AMP. The basis for this last purification and
detergent exchange step is that both palmitoyl-
X  X .Coenzyme A and 2 -AMP and 3 -AMP are in-
hibitors of transhydrogenase specific for the
 . w xNADP H -site 15 . The K of the enzyme is aboutm
 . q20 mM for both NADPH cf. Fig. 4 and NADP
 .not shown as compared to about 0.9 mM for palmi-
 . Xtoyl-Coenzyme A see below and 2.8 mM for 2 -
 X.  .3 -AMP not shown . The high affinity of the en-
zyme for the immobilized palmitoyl-Coenzyme A
X X.and the large excess of 2 3 -AMP used for elution,
200 mM, ensures an efficient binding and release of
 .the enzyme through the NADP H site. Wildtype E.
coli transhydrogenase is free of stoichiometrically
 . w xbound NADP H 14 , and the enzyme purified in the
above manner is therefore devoid of even traces of
Table 1
q  .Inhibition of the reduction of AcPyAD by NADH or NADPH by inhibitors specific for the NAD P -site
Addition NADPHq Inhibition NADHq Inhibition NADHq Inhibition
q q q .  .  .AcPyAD % AcPyAD % AcPyAD %
q .qNADP
None 5.26 – 1.54 – 11.20 –
Palm. CoA 0.93 82 0.08 95 2.44 78
X X2 -AMP-5 -DPR 4.48 15 0.68 56 5.75 49
XAdenosine-5 -DPR 3.90 26 1.35 12 10.88 2.9
Activities were assayed at pH 6.0 and in the absence of high salt as described in Section 2. Experiments were carried out with a
X X  .transhydrogenase preparation in which residual 2 -AMP and 3 -AMP had been removed by gel filtration see Section 2 . Additions were:
2 mM NADPq, 7 mM palmitoyl-Coenzyme A, 250 mM 2X-AMP-5X-DPR and 250 mM adenosine-5X-DPR. Activities were expressed as
mmol substrate reducedrminrmg protein.
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 .bound NADP H . This is essential since the presence
 .of less than micromolar concentrations of NADP H
will stimulate the rapid cyclic reduction of AcPyADq
 . w x .by NADH via bound NADP H 12–14 , cf. Table 1 .
The enzyme is also essentially free of lipids. Since
cholate at the concentration used in the
purificationrdetergent exchange or higher concena-
trations is not sufficient for maintaining maximal
activity, the enzyme is dependent on either detergents
of the TritonrBrij type or phospholipids for activity.
This is demonstrated in Fig. 1 which shows the
detergent-dependence for reduction of AcPyADq by
 .NADH in the absence of added NADP H . Maximal
stimulation of the activity was obtained with 0.01%
Brij 35. A similar detergent-dependence was obtained
for reduction of AcPyADq by NADPH, and for the
reduction of AcPyADq by NADH in the presence of
 .  .NADP H not shown .
 .Because of the absence of bound NADP H , the E.
coli transhydrogenase purified by affinity chromatog-
raphy on immobilized palmitoyl-Coenzyme is ideally
suited for the characterization of the mechanism of
the reduction of AcPyADq by NADH in the absence
 .of added NADP H . As shown in Fig. 2 the latter
reaction carried out at pH 6.0 was strongly inhibited
by salt, e.g., MgCl , at concentrations higher than2
approximately 2 mM. A similar effect of MgCl was2
Fig. 2. Effect of MgCl on the reduction of AcPyADq by2
NADH in the absence and presence of NADPq catalyzed by
purified transhydrogenase from E. coli. The assays of the reduc-
 .tion of AcPyADq by NADH in the absence B and in the
 . qpresence v of 20 mM NADP were carried out at pH 6.0 and
low salt as described in Section 2. The left axis denote the former
reaction.
Fig. 3. Effects of salt on the reduction of AcPyADq by NADPH
catalyzed by purified transhydrogenase from E. coli. Additions
 .  .  .  .  .were: A , MgSO I , CaSO B , MgCl ‘ , CaCl v ;4 4 2 2
 .  .  .  .B , NaH PO I , Na SO v , NaCl B . The assays were2 4 2 4
carried out at pH 7.4.
seen on the reduction of AcPyADq by NADH in the
presence of NADPq, although the catalytic rate of the
 .latter reaction was some 20-fold higher Fig. 2 .
Concentrations of MgCl lower than 1–2 mM stimu-2
lated both activities about 10–15%, at least qualita-
w xtively in agreement with earlier findings 12 .
Replacement of MgCl with other salts, e.g.,2
MgSO , CaCl and KCl at concentrations above 24 2
mM had similar inhibitory effects on the reduction of
AcPyADq by NADH at pH 6.0. However, their
inhibitory potencies differed and KCl was about 5–10
times less inhibitory than the magnesium salts. The
effects of various phosphate salts were comparable to
 .that of KCl not shown .
In contrast, divalent metal ions, e.g., Mg2q and
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Ca2q, stimulated the reduction of AcPyADq by
NADPH about 5–10 times and inhibitory effects by
high concentrations of salt were either absent or
 .much smaller Fig. 3A . NaCl and phosphates had
similar effects but at approximately 10 times higher
 .concentrations Fig. 3B . In general, the counter ions
sulphate and phosphate were more efficient than
chloride.
An interesting question concerns the kinetic pa-
rameters that must be affected by the enhancement of
the rate of reduction of AcPyADq by NADPH. Vmax
was about 10 times higher in the presence of MgSO ,4
whereas the K -value for NADPH was essentiallym
unchanged, about 20 mM; however, the K -value form
AcPyADq was increased by MgSO , from 20 mM to4
 . q35 mM not shown . Reduction of AcPyAD by
 .NADH gave non-linear kinetics not shown .
Reduction of AcPyADq by NADPH is known to
involve two different binding sites located in separate
domains, in E. coli transhydrogenase in the a and b
Fig. 5. Transhydrogenase activity of bacteriorhodopsin-trans-
 .hydrogenase vesicles reconstituted in the absence A and in the
 .presence B of MgCl . Additions were: transhydrogenase-bac-2
teriorhodopsin vesicles containing 5 mg transhydrogenase pro-
tein, 1 mM CCCP. The concentration of MgCl was 10 mM.2
Transhydrogenase activity was assayed as reduction of thio-
NADPq by NADH. Other conditions were as described in
Section 2.
w x w xsubunits, respectively 1,15,16 ; but see 17 and
.Section 4 . In order to identify the binding sites that
are involved in the reduction of AcPyADq by NADH,
 . X X  .Fig. 4. Kinetic analysis of the inhibition by palmitoyl-Coenzyme A A,B and 2 -AMP-5 -DPR C,D Additions were: 5 mM
 .  . X X  .  .palmitoyl-Coenzyme A v A ; 250 mM 2 -AMP-5 -DPR B B . The concentration of the fixed substrate was 200 mM. The reactions
 .were carried out in the presence of 50 mM NaH PO pH 7.0 .2 4
( )J. Zhang et al.rBiochimica et Biophysica Acta 1319 1997 331–339336
site-specific inhibitors, e.g., palmitoyl-Coenzyme A
and 2X-AMP-5X-DPR, were used. The site specificity
of these inhibitors in the case of, e.g., the bovine
X X.enzyme resides in the adenosine 2 3 -monophos-
phate moiety in the case of palmitoyl Coenzyme A
and the entire 2X-AMP-5X-DPR, which both constitute
 . w xparts of the NADP H molecule 1,15,16,18 . As
shown in Fig. 4A–D, these inhibitors are also spe-
 .cific for the catalytic NADP H -binding site of the E.
coli enzyme at pH 7.0 and in the presence of salt
with K values of 0.9 mM and 183 mM, respectively.i
Neither of the inhibitors interacted significantly with
 .the catalytic NAD H -binding site of, e.g., bovine
transhydrogenase.
The efficiencies and specificities of the above
inhibitors as assayed with the reduction of AcPyADq
by NADPH catalyzed by the E. coli transhydro-
genase at pH 7.0 and high salt were similar to those
 .seen at pH 6.0 and low salt not shown . The main
difference was that the kinetics for palmitoyl-
Coenzyme A tended to be non-linear but still with a
 .clear preference for the NADP H site, and that the
K for 2X-AMP-5X-DPR was approximately 5 timesi
higher. Table 1 demonstrates that both palmitoyl-
Coenzyme A and 2X-AMP-5X-DPR strongly inhibited
the reduction of AcPyADq by NADH. Palmitoyl-
Coenzyme A was at least 50-fold more potent than
Fig. 6. Enhancement of the transhydrogenase activity of reconsti-
tuted bacteriorodopsin-transhydrogenase vesicles by MgCl . Re-2
 .  .actions in the dark v and light B in the presence of the
concentrations of MgCl indicated were assayed as reduction of2
thio-NADPq by NADH, as described in Section 2. The metal ion
was present throughout the reconstitution procedure and assay.
Fig. 7. Model of the reduction of AcPyADq by NADH in the
 .  .  .presence A and absence of NADP H B . The normal binding
 .  .sites for NAD H and NADP H are depicted on the right and left
 .side, respectively, of the transhydrogenase E . Substrates in bold
undergo cyclic redox reactions while being bound.
2X-AMP-5X-DPR. Under the conditions used the inhi-
bition of reduction of AcPyADq by NADPH, reduc-
tion of AcPyADq by NADH, and reduction of
AcPyADq by NADH in the presence of NADPq by
palmitoyl Coenzyme A, was 82%, 95% and 78%,
respectively. The inhibition of the same reactions by
250 mM 2X-AMP-5X-DPR was 15%, 56% and 49%,
respectively. Adenosine-5X-DPR lacks the 2X-phos-
phate group and constitutes the corresponding part of
 .  .NAD H , which makes it specific for the NAD H
 .site J. Rydstrom, unpublished results . Replacement¨
 . X Xof the NADP H -specific inhibitor 2 -AMP-5 -DPR
by adenosine-5X-DPR resulted in an inhibition of
26%, 12% and 2.9%, i.e., drastically lower effects for
the two latter reactions. All three reactions were
carried out under the same conditions, i.e., at pH 6.0
and in the absence of high salt.
Addition of Mg2q to purified transhydrogenase
reconstituted in phospholipid vesicles did not give the
effects seen with the detergent-dispersed enzyme cf.
.Fig. 3A . However, serendipitously, it was found that
the presence of MgCl during all steps in the recon-2
stitution of purified E. coli transhydrogenase to-
gether with bacteriorhodopsin in phospholipid vesi-
cles increased dramatically the transhydrogenase ac-
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tivity. Fig. 5 shows representative assays of the
light-driven and dark reactions in the absence Fig.
.  .5A and in the presence Fig. 5B of 5 mM MgCl .2
Like the soluble enzyme, MgCl increased the activ-2
ity of the dark reaction catalyzed by reconstituted
 .vesicles Fig. 5 , and proportionately also the uncou-
 .pled dark reaction cf. Fig. 6 . The optimal concentra-
tion of MgCl was about 5–10 mM and high concen-2
 .trations were inhibitory Fig. 6 . When assayed with
only transhydrogenase reconstituted in vesicles, Mg2q
included in the reconstitution procedure also stimu-
lated the reduction of AcPyADq by NADPH as well
 .as proton pumping not shown . However, like the
reduction of AcPyADq by NADH in the presence of
 . w x qNADP H 13 , the low rate of reduction of AcPyAD
by NADH catalyzed by these Mg2q-containing vesi-
 .cles was not linked to proton pumping not shown .
4. Discussion
Reduction of AcPyADq by NADH in the presence
 .of NADP H was previously demonstrated with de-
w x w xtergent-dispersed E. coli 12,13 and bovine 19
transhydrogenase at low pH. A similar reaction was
earlier shown with bovine transhydrogenase reconsti-
w xtuted in coupled vesicles at pH 7.4 20,21 . A com-
mon interpretation of these results was that the en-
zymes catalyze a cyclic reduction of AcPyADq by
 . w xNADH via bound NADP H 1 . This conclusion was
further substantiated when it was shown that
b His91-mutants, or a mutant enzyme with a short-
ened C-terminal end of the a-subunit, which cat-
alyzed the same reaction at pH 6.0 without added
 . qNADP H , indeed contained bound NADP that
w xserved the same role 14 . Surprisingly, however, in
the presence of low salt, about equal concentrations
of both AcPyADq and NADH and at low pH, hy-
dride ion transfer between the two substrates oc-
 .curred rapidly even without added or bound NADP H
w x14 . This observation was apparently contrary to the
available information about the structure and site-
specificity of transhydrogenases, and the mechanism
behind this reaction has therefore remained unsolved.
Mutagenesis of the b 314 glycine residue to an ala-
 .nine in the assumed NADP H site of the non-puri-
fied enzyme of cytosolic membranes, led to a com-
plete inhibition of the reduction of AcPyADq by
w x  .NADH 14 , indicating that the NADP H site may be
 .involved. However, even though no NADP H was
added, the latter preparation contained som bound
q w xendogeneous NADP 14 .
The present data show evidence for an unspecific
catalytic interaction of AcPyADq or NADH with the
 .NADP H -site of purified E. coli transhydrogenase
 .which depends on the absence of NADP H , the
presence of about equal concentrations of AcPyADq
and NADH, a detergent, a low pH, and the absence
of high salt concentrations. Catalytically, this results
 .in the occupation of both the NAD H and
 . qNADP H -sites with AcPyAD or NADH, and the
net reduction of AcPyADq by NADH. That this
 .reaction involves the NADP H -site is evident from
the pronounced inhibition by palmitoyl Coenzyme A
and 2X-AMP-5X-DRP, both inhibitors specific for the
 . X XNADP H -site. 2 -AMP-5 -DRP inhibited the reduc-
tion of AcPyADq by NADPH less strongly than the
q reduction of AcPyAD by NADH with or without
q.NADP , presumably because of the assumed low
 . qaffinity of the NADP H -site for AcPyAD rNADH,
or the low NADPq concentration used. As expected,
adenosine-5X-DPR, which lacks the 2X-phosphate
 .group and therefore is specific for the NAD H -site,
had a much smaller effect on the reduction of
AcPyADq by NADH in the absence or presence of
NADPq.
High salt inhibited the reduction of AcPyADq by
NADH both in the absence and in the presence of
NADPq approximately to the same extents. In con-
trast, high salt activated the reduction of AcPyADq
by NADPH. This may be interpreted to indicate that
high salt increases the limiting dissociation of
 .  .NADP H from the NADP H site and, conversely,
that low salt decreases the dissociation of NADPH
 .from the NADP H site essentially as proposed by
w xJackson and coworkers 12 . Under the latter condi-
tions the cyclic reduction of AcPyADq by NADH
 .via bound NADP H is therefore increased, but also
 .the unspecificity of the NADP H site allowing
NADH to bind to this site and function in a similar
cyclic reaction while bound to the site. Because of
the effects of salt on the various reactions it is
unlikely that, in the NADHqAcPyADq reaction,
 .NAD H binds and dissociates normally in the course
of the reaction like NADPH. It is presently difficult
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to conclude whether AcPyADq or NADH, or both
q  .AcPyAD and NADH, binds to the NADP H -site.
Fig. 7 shows a model of the cyclic reaction in the
 .  .presence of bound NADP H Fig. 7A and in the
 .  .absence of NADP H with NAD H bound in the
 .  .NADP H site Fig. 7B . Because of the rather non-
physiological conditions used in this study it is un-
likely that reduction of NADq by NADH would
 .occur through the NADP H -site in vivo.
The conclusions of this work depend largely on the
 .assumption that NADP H is absent from the trans-
hydrogenase preparation and the substrates. Approxi-
 .mately 200 nM NADP H in the assay medium for
the reduction of AcPyADq by NADH, derived either
from the enzyme or the substrates would be sufficient
to achieve the cyclic reduction of AcPyADq by
 .NADH via bound NADP H that we now attribute
 .solely to the reaction in the absence of NADP H .
However, the affinity binding to the palmitoyl Coen-
zyme A column and the subsequent elution with a
mixture of 2X-AMP and 3X-AMP should effectively
remove possibly traces of bound and catalytically
 .active NADP H . Indeed, the fact that the reduction
of AcPyADq by NADH in the absence and in the
presence of added NADPq, were about equally sensi-
tive to 2X-AMP-5X-DPR despite large differences in
 .rates Table 1 , clearly supports the assumption that
the former reaction did not involve contaminating
 .NADP H . Attempts to determine possible contami-
 .nating NADP H in the enzyme or the various nu-
cleotide substrates used gave negative results.
Based on steady-state analysis of the kinetics of
w x w xthe bovine 16 and E. coli transhydrogenase 22,23 ,
covalent binding of a substrate analogue to the bovine
w xenzyme 24 , substrate-binding studies with the bovine
w xenzyme 25 , and prediction of the tertiary structures
 .  .of the NAD H and NADP H -binding sites of the E.
w xcoli enzyme 1,26 , it has previously been concluded
that these transhydrogenases contain one catalytic site
 .  .each for NAD H and NADP H . Binding of the
purified E. coli transhydrogenase to immobilized
NAD and NADP has led to the suggestion that the
w xb-subunit contains 2 nucleotide-binding sites 17 .
However, there is no evidence that both of these are
catalytic sites. As with all NADP-dependent enzymes
the nucleotide-specificity as compared with NAD-de-
pendent enzymes depends on the 2X-phosphate group,
and to some extent on the degree of protonation of
this group. At low pH, pH 5 and below, this phos-
phate group will be partially protonated and may fit
 w x. Xin an NAD-site cf. 27 . Because the 2 -phosphate,
with or without charges, still represents a bulky extra
group facing an aspartic or glutamic acid residue in
 .  w x.an NAD H -site cf. 1,26 , the unspecific interaction
w xis often only partial and less than 10% 1,27 . For the
reverse reasons it is much more likely that an
 .  .NADP H -site can accept NAD H although it will
lack the stabilizing interactions with the 2X-phosphate
 w x.cf. 28 .
The effects of divalent metal ions on the purified
and reconstituted transhydrogenase are apparently
more complex than those observed with the deter-
gent-dispersed purified enzyme. When added directly
to reconstituted transhydrogenase Mg2q had no ef-
fect, whereas when included in the reconstitution
procedure it was stimulatory, suggesting that the
domain affected may be normally buried in the mem-
brane or part of the periplasmic domain of the pro-
tein. At present, it is difficult to distinguish between
these alternatives. Proton-pumping and the light-
driven reaction of the reconstituted transhydrogenase
vesicles were much more extensively inhibited by
high metal ion concentrations than the reactions cat-
alyzed by the solubilized enzyme, indicating that
other parameters may be involved, e.g., membrane
association of subunits, phospholipid integration of
the enzyme or the integrity or size of the vesicle.
Reconstitution of the soluble a1 subunit with the
remaining membrane-bound subunit of the Rho-
dospirillum rubrum transhydrogenase requires Mg2q
or Ca2q, which apparently facilitates the association
of the subunits, and which is removed during treat-
w xment of the enzyme with detergent 29 . The metal
ion-dependent effects on the E. coli transhydro-
genase may also include a similar mechanism. This
possibility is presently being investigated.
In conclusion, it has been shown that under condi-
tions of low pH, low salt concentrations and rela-
tively high concentrations of NADH and AcPyADq,
these substrates interact with the catalytic
 .NADP H -site of E. coli transhydrogenase. The site
of interaction of salt with the enzyme may be located
in the membrane or periplasmic domain, more specif-
ically a protonable group in this domain, e.g b His91,
andror constitute membrane surfaces of interacting
subunits.
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